Authentication of pasta is currently determined using molecular biology-based techniques focusing on DNA as the target analyte. Whilst proven to be effective, these approaches can be criticised as being destructive, time consuming, and requiring specialist instrument training. Advances in the field of multispectral imaging (MSI) and hyperspectral imaging (HSI) have facilitated the development of compact imaging platforms with the capability to rapidly differentiate a range of materials (inclusive of grains and seeds) based on surface colour, texture and chemical composition. This preliminary investigation evaluated the applicability of spectral imaging for identification and quantitation of durum wheat grain samples in relation to pasta authenticity. MSI and HSI were capable of rapidly distinguishing between durum wheat and adulterant common wheat cultivars and assigning percentage adulteration levels characterised by low biases and good repeatability estimates. The results demonstrated the potential for spectral imaging based seed/grain adulteration testing to augment existing standard molecular approaches for food authenticity testing.
Introduction
Recent advances in the field of spectral imaging have facilitated the development of a number of compact, multispectral and hyperspectral imaging platforms with the capability to differentiate between surface colour, texture and chemical composition for a range of materials [1] . The non-destructive nature of these instruments, decreased requirement for expensive consumables, and suitability for automatic image/data analyses which minimises the need for specialised training, means that these systems have the potential to be used for point of test approaches and screening applications.
Multispectral imaging (MSI) has been widely applied to the classification of seed and grains, including maize, wheat, barley, soybean and rice. Recent publications in the scientific literature have described the use of spectral imaging as a means to distinguish between hard, intermediate and soft maize kernels [2] [3] , for the discrimination of grain from different maize varieties [3] , and between different cultivars of rice [4] .
For the manufacture of pasta, current EU law allows up to 3% (w/w) adventitious contamination with other wheat (T. aestivum or common wheat) [5] . Authenticity of pasta samples is typically determined using molecular biology techniques which focus on DNA as the target analyte [6] . Whilst proven to be relatively accurate, current DNA approaches for testing for food adulteration often require relatively laborious upstream and complex sample preparation phases inclusive of destructive DNA extraction procedures [7] [8] .
Spectral imaging represents a technology that can be used for quality and safety testing of foods [9] , but also has potential application in food authenticity testing, based on utilisation of the closely related multispectral and hyperspectral imaging techniques. Multispectral imaging (MSI) and hyperspectral imaging (HSI) differ mainly on the complexity of spectral data collected: essentially hyperspectral systems measure energy in narrower and more numerous bands than multispectral systems. Spectral imaging offers potential benefits over existing DNA analytical approaches including time, processing (i.e. non-destructive), sample throughput, and no requirement for specialised training or expensive reagents/consumables [10] .
This work describes a preliminary investigation into the application and evaluation of performance characteristics of spectral imaging for food authenticity testing. This feasibility study focused on investigating spectral imaging to reliably distinguish between T. durum and T. aestivum wheat grains (which are important in the production of pasta) based on the spectral signature of each grain species, using a panel of deliberately adulterated wheat samples designed to be at or close to the current EU legislative limit. Spectral imaging performance was evaluated on the basis of the ability to correctly assign the percentage level of adulteration of the wheat test samples based on trueness and precision estimates.
Materials and Methods

Wheat Samples
Authenticated wheat grain samples for both Triticum aestivum (Solstice Wheat variety) and Triticum durum (French Durum Wheat variety) wheat cultivars were provided by Frontier Agriculture Ltd. (Diss, UK).
Evaluation Study Design
A panel of 23 wheat test samples (2 calibration controls, 21 test mixtures) were prepared which represented levels of adulteration at and around the current European Union legislative limit for labelling as per Regulation (EC) No 1222/94 [5] for pasta production. Whilst the current EU legislation expresses adulteration levels in terms of weight for weight (w/w), permitting up to 3% (w/w) T. aestivum adulteration of T. durum, a durum wheat adulteration test panel was prepared on a grain/grain basis due to the non-destructive nature of the analyses that interrogated the sample at the individual grain level.
The panel comprised seven levels of sample adulteration, which represented 0%, 0.5%, 2%, 3%, 5%, 10%, and 100% (grain/grain) of T. aestivum in total grain (T. aestivum and T. durum). Each level was represented by triplicate samples, with each sample being comprised of 100 grains with the exception of the 0.5% (grain/grain) test sample which was comprised of 200 grains (one grain of T. aestivum in a background of 199 grains of T. durum). These 21 test mixtures were randomised and then analysed blindly by the spectral imaging instruments. Positive Control samples for T. aestivum and T. durum were also provided, consisting of 300 grains of each.
Samples were prepared by manually transferring appropriate numbers of individual wheat grains to a Petri dish (90 mm diameter) using tweezers and the samples then stored in re-sealable plastic bags. Sample composi-tion was monitored using a hand held tally counter to ensure accurate grain numbers during the preparative process and to confirm total grain numbers. The order of the samples was randomised and samples were analysed blindly to ensure further confidence in the results.
Spectral Imaging Instruments
Two commercial spectral imaging instruments were evaluated that comprised the VideometerLab 2 (Videometer A/S, Hørsholm, Denmark), a MSI system distributed by Analytik Ltd (Cygnus Business Park, Cambridge, UK), and the NEO HySpex VNIR-1600 (Norsk Elektro Optikk A/S, Lørenskog, Norway), a HSI system distributed by Mapping Solutions Ltd. (Long Sight Business Park, Manchester, UK).
VideometerLab 2-Based Analyses
Each sample of wheat grain was emptied into a standard 90 mm diameter Petri dish before being placed under the VideometerLab 2 (Videometer A/S, Hørsholm, Denmark) integrating sphere and image data captured using VideometerLab Software Revision: 2.13.15 (3088).
Data analysis was performed using VideometerLab Software Revision: 2.13.89 (3475) which combined object separation and image analysis capabilities. Initially, the wheat Positive Control samples (100% T. aestivum and 100% T. durum) were imaged and the data used to construct a normalised-Canonical Discriminant Analysis model (nCDA) [11] [12] for use in the analysis of the test samples. Individual wheat grains in the test sample mixtures were identified and separated by threshold and morphology segmentation in the software, which then applied the nCDA-based model to all of the pixels falling within the boundaries of each individual wheat grain. Each grain was represented by thousands of individual pixels, and each pixel was scored on an arbitrary scale as to whether it matched the spectral signature of T. aestivum or T. durum more closely. An algorithm was then applied to calculate the likelihood of each grain being T. aestivum or T. durum based on composite spectral signature of the pixels within each grain.
For an individual grain, the area fraction of its pixels that were classified as T. durum determined the score for that grain. The software then ordered the grains by increasing score to calculate the number of T. durum and T. aestivum grains present and reported the results in tabular form.
HySpex VNIR-1600-Based Analyses
A HySpex VNIR-1600 camera (Norsk Elektro Optikk A/S, Lørenskog, Norway), utilising the VNIR hyperspectral camera functionality (400 -1000 nm) with 1 m focal length lenses, was mounted on a aluminum test rack 100 cm above the samples, two 500W lamps placed at the same heights and the light source focused on the centre of the sample area. The viewing angle of the imaging spectrometer was set to 17˚, spectral sampling set at 3.7 nm and the number of bands set at 160.
A panel of calibration samples was generated using the 100% T. durum and T. aestivum Positive Control materials to reflect a range of T. aestivum adulteration. All wheat grain samples were then placed on a black moving plate for imaging, and spectra captured using the HySpexVNIR-1600 imaging spectrometer (Norsk Elektro Optikk A/S, Lørenskog, Norway). Samples were imaged alongside grey calibrated Spectralon® Target (Labsphere, Inc., North Sutton, US) in order to allow levels of reflectance to be taken into account during subsequent stages of image processing. Data analysis was performed using ENVI Spectral image processing software (Exelis Visual Information Solutions UK) employing spectral angle mapper classification (SAM), a supervised classification method based on a spectral signature matching method developed by Boardman [13] .
Results
VideometerLab 2
The 100% T. durum and T. aestivum Positive Control samples were used to generate a normalised-Canonical Discriminant Analysis (nCDA) transformational model based on their respective spectral signatures. The model was applied to the panel of 21 blind test samples, and results were returned based on the model's scoring of how closely the spectral signature of each grain in an image matched either the T. durum or T. aestivum model (Figure 1) . The quantitative data (Figure 2 ) showed close agreement with the assigned percentage adultera- 
HySpexVNIR-1600
Image processing of the 21 blind test samples was undertaken using a spectral angle mapper classification (SAM) based approach to generate the required spectral classification model as shown in Figure 3 . The experimental data showed close agreement with the assigned percent adulteration values (Figure 2) . Analyses of the legislatively important 3% adulteration sample type showed a small positive bias (sample estimated as 3.65% with a ninety-five percent confidence interval of ±1.41%), giving an associated Coefficient of Variation (CV) of 15.50%.
Discussion
Based on visual acuity alone, it is very hard to reliably tell the difference between the two cultivars of T. aestivium and T. durum cultivars used in this study, when they are present as a mixed sample. Based on standard practice, accurate determination of the amount of adulteration in a T. durum sample can usually only be achieved using real-time PCR approaches, but the use of spectral imaging has provided some evidence that an alternative non-destructive analytical approach can generate reliable estimates.
The VideometerLab 2 (MSI platform) and HySpex VNIR-1600 (HSI platform) spectral imaging instruments displayed comparable quantitative performance characteristics (Figure 2 0.5% grain/grain) appear to be more challenging for both instruments as demonstrated by the larger measurement uncertainty estimates (95% confidence interval associated with the mean estimated value). Given the analytical uncertainty that has been reported at this level using the accepted standard of real-time PCR approaches for quantitation of durum wheat adulteration [14] (values of 5.89 ± 3.86% and 3.0 ± 1.6% based on experimental and extrapolated data respectively) the larger uncertainty estimate was not un-expected and is comparable to that of real-time PCR.
Quantitative performance at the legislatively important 3% adulteration range was found to be good as characterised by acceptable bias estimates and repeatability levels (<16% Coefficient of Variation). These performance characteristics compare well with those reported in the published literature using real-time PCR evaluation of durum wheat samples [14] . The study findings support the conclusion that spectral imaging shows good potential for reliably distinguishing between T. durum and T. aestivum grain types and for quantifying potential adulteration levels. Although the selected instruments utilise alternative technical approaches, comparable results were generated which supports the earlier findings of Cocchi et al. [10] who successfully demonstrated the application of NIR spectroscopy to wheat adulteration testing based on ground flour samples. This highlights the diagnostic potential of spectroscopic techniques for seed/grain-based analyses.
The experimental model presented within this study is based on a grain for grain basis, rather than a weight for weight format referred to in the legislation, and small differences may arise between these two approaches due to natural variations in grain size and the associated impact on total grain material weight. However, whilst this approach may impact upon measurement uncertainty levels slightly, the grain per grain measurement unit helps control for heterogeneity and Poisson effects potentially associated with trace adulteration sample types, and allowed for accurate preparation of the blinded test samples. The closeness in agreement between the results generated from spectral imaging and the standard real-time PCR analysis of durum wheat samples further supported the applicability of spectral imaging as a non-destructive analytical approach. Further work is required to establish the equivalency of grain/grain-based approaches and their place within the EU legislative system for non-destructive analytical systems. However, the work presented here provides some evidence of the applicability of spectral imaging to be used as a rapid and cost effective screening approach for testing grain shipments for potential adulteration, whereby any suspect samples could then be further analysed using real-time PCR for confirmation of any such adulteration.
This feasibility study was conducted under prescriptive and controlled conditions using just two cultivars to represent the T. aestivum and T. durum wheat varieties. It is recommended that further work be conducted in order to evaluate the applicability of spectral imaging for determining differences based on more genotypes, cultivation practices, weather conditions, post-harvest storage conditions, etc. Such further work, inclusive of additional replicates, samples and grain types, could be used to extend and challenge the findings described in this preliminary investigation.
Unlike the pure grain samples employed in this study, real samples are likely to contain a range of impurities such as chaff and broken grain fragments. In these instances, analytical performance could likely be improved by including distinguishing physical characteristics into the models employed for discrimination. Further research is required to improve the analytical model which would benefit from including both spectral and spatial data for a more accurate, robust result.
The two spectral imaging-based instruments evaluated in the current study represent a new area of technolo-gical development with demonstrated applicability within the food testing sector. Unlike officially recognised protein [15] and DNA-based testing methods [6] [16] [17] , a spectral imaging-based approach does not require complex sample processing (as it is non-destructive) or detection assays (with associated equipment) due to the use of spectral data derived from the sample to be interrogated. Other potential benefits associated with this approach for food authenticity testing include short testing times and high potential sample throughput, making the approach suited for in-line monitoring found within today's food production industry. The small foot print and lack of requirement for specialist consumables/reagents associated with some spectral imaging platforms also means they may be amenable for use as point of test approaches.
Conclusions
This initial feasibility study provides some evidence of the potential of spectral imaging techniques to be used for the authentication of durum wheat grains, through comparison to standard PCR-based approaches. Both the MSI and HSI approaches were demonstrated to be capable of rapidly distinguishing between durum wheat and adulterant common wheat. The results obtained were characterised by low biases and good repeatability estimates which compare well with the data published using real-time PCR [14] . Whilst spectral imaging offers key advantages over alternative methodologies such as its non-destructive nature and suitability for high throughput analyses, further work should be conducted to evaluate additional performance characteristics (e.g. the Limit of Detection) and applicability to other food matrices. This will provide additional evidence of the applicability of spectral imaging to be used as a rapid screening approach for food authenticity testing.
